t e c h n i c a l r e p o r t s
We developed a new, silicon-based peptide array for a broad range of biological applications, including potential development as a real-time point-of-care platform. We used photolithography on silicon wafers to synthesize microarrays (Intel arrays) that contained every possible overlapping peptide within a linear protein sequence covering the N-terminal tail of human histone H2B. These arrays also included peptides with acetylated and methylated lysine residues, reflecting post-translational modifications of H2B. We defined minimum binding epitopes for commercial antibodies recognizing the modified and unmodified H2B peptides. We further found that this platform is suitable for the highly sensitive characterization of methyltransferases and kinase substrates. The Intel arrays also revealed specific H2B epitopes that are recognized by autoantibodies in individuals with systemic lupus erythematosus who have elevated disease severity. By combining emerging nonfluorescencebased detection methods with an underlying integrated circuit, we are now poised to create a truly transformative proteomics platform with applications in bioscience, drug development and clinical diagnostics.
The development of highly multiplex, inexpensive proteomics tools is crucial to deliver on the promise of individualized medicine and point-of-care diagnosis 1 . We previously described a diverse group of array technologies to profile autoantibodies in samples from humans and animal autoimmune models 2, 3 , as well as antibodies generated by vaccination 4 , to detect intracellular signaling states 5 and perform multiplex characterization of soluble and cell-surface analytes 6 . Other groups have described array-based approaches that have led to discoveries in cancer 7 , neurodegenerative disease 8 , aging 9 and allergy 10 . Although these and other innovative array techniques have developed at a rapid pace, technological innovation has not produced adequate tools for the proteome-level assessment of biological and clinical samples on the small and rapid scale that point-of-care medicine demands 11 .
Many studies have used an in silico, or bioinformatics, approach to characterize pathways or disease states. We hypothesized that creating peptide arrays on a silicon surface ('on silico' arrays) could be transformative in the field because an integrated semiconductor circuit could be created beneath each peptide feature, allowing for real-time measurements and computations, neither of which are possible using current fluorescence-based approaches. Here we describe a new, highdensity, scalable platform using microprocessor-grade silicon wafers as a support surface ( Supplementary Fig. 1 and Supplementary Methods). We used a maskless photolithographic approach to create arrays of overlapping peptides comprising every possible combination of contiguous amino acids within a naturally linear human polypeptide sequence. This synthesis process also permits the incorporation of amino acids modified by the addition of functional groups, for example, lysine that is acetylated or methylated, into a growing peptide sequence, allowing for a subsequent analysis of the interactions with modified and unmodified peptides in parallel on the same microarray. In previous published reports, photolithography has been used in a variety of peptide-conjugation strategies involving both mask-based 12 and maskless 13, 14 techniques to generate location-specific peptides on microarray platforms using photolabile or acidlabile Di-tert-butyl dicarbonate (t-BOC) protective groups; however, these approaches, using glass slides as the synthesis substrate, are difficult and expensive to scale up. In addition, they are limited in the number of unique and overlapping sequences generated, the raw number of discrete peptide addresses and the ability to compare modified and unmodified peptide epitopes in parallel. The use of silicon produces a surface that is highly amenable to fluid-phase detection of peptide-reactive antibodies and other protein-protein interactions. Notably, when using silicon, there is no intrinsic background fluorescence of the surface when imaged in conventional microarray laser scanning systems, and there is no requirement for a preblocking step because of the near absence of nonspecific binding of biological molecules to the surface (data not shown). We successfully leveraged mature semiconductor fabrication technology to produce 68 individual arrays on 6-in silicon wafers. This platform combines advances in two fields, semiconductor manufacturing and multiplexed biochemical detection, potentially enabling the analysis of multiplex protein-protein interactions in real time. Here we describe the utility of silicon-based peptide arrays, which we have termed Intel arrays, for the high-resolution epitope mapping of diverse commercial monoclonal and polyclonal antibody probes, the characterization of the specific activity of protein lysine methyltransferases and kinases at single-amino-acid precision and the identification of patterns of autoantibody reactivity that correlate significantly with disease severity in a cohort of individuals with systemic lupus erythematosus (SLE).
RESULTS

H2B peptide array design and synthesis
To show the power of the Intel array platform, we fabricated overlapping peptide arrays of a naturally linear region at the N terminus of human histone H2B. H2B is a highly conserved protein that interacts with DNA and other histone proteins that make up the intricate chromatin structures that organize the eukaryotic genome 15 . H2B is a major target for epigenetic regulation that is mediated by posttranslational modifications performed by kinases, peptidylarginine deiminases, methyltransferases and acetyltransferases, among others, and manipulation of H2B through the acetylation and methylation of lysine within the linear N-terminal tail of the protein is crucial for the regulation of chromatin homeostasis 16 . Histone epitopes, including the N terminus of H2B, are also clinically important autoantigens in SLE, drug-induced lupus, rheumatoid arthritis and other diseases 2, 17, 18 .
Using a photolithographic process (Fig. 1a) , we constructed arrays of peptides corresponding to the N-terminal tail of H2B and ranging in length from 1 to 21 amino acids (with the full sequence N H 3-PEPAKSAPAPKKGSKKAVTKA-COOH). The individual arrays were comprised of unmodified peptides, peptides with acetylated lysine at npg t e c h n i c a l r e p o r t s positions 5, 12, 15 and 20 and peptides with dimethylated lysine at positions 5 and 11 ( Fig. 1b) . Each subarray is a square grid containing every possible peptide fragment within the 21-mer H2B sequence arranged in sequential order (Fig. 1c) . The H2B array contains 20 square grids that individually contain all possible contiguous H2B peptide lengths, either unmodified or with acetyl and methyl groups incorporated at specific lysine residues within the sequence, totaling 8,820 spatially addressable features (Fig. 1d) . We routinely assessed the peptide yield, purity and sequence fidelity of the Intel array using on-chip staircase fluorescence assays, off-chip fluorescence HPLC, mass spectrometry and highly sensitive kinase substrate assays and found them to be equivalent to or better than those of the conventional peptide synthesis approaches ( Supplementary Figs. 2-4 and data not shown) 19, 20 .
Epitope mapping of commercial antibodies using Intel arrays To determine the ability of Intel arrays to resolve epitopes that are recognized by H2B-reactive antibodies, we probed the arrays with commercial antibodies that have known H2B-binding capacity. Arrays probed with the polyclonal antibody (pAb) 18977 (Abcam), which is directed against the N terminus of H2B, showed a minimum binding epitope of two N-terminal amino acids (Fig. 2a) . Notably, at higher concentrations, the pAb 18977 also showed moderate binding to peptides containing acetylated Lys5 (Lys5(Ac)) and acetylated Lys12 (Lys12(Ac)), with minimum binding epitopes of three amino acids surrounding acetylated Lys5 (Ala4Lys5(Ac)Ser6) and a 5-mer peptide containing acetylated Lys12 (Lys11Lys12(Ac)Gly13Ser14 Lys15) (data not shown). The monoclonal antibody (mAb) 52988 (Abcam) recognizes the H2B epitope surrounding acetylated Lys20. The Intel arrays showed reactivity at only peptide features containing C-terminal acetylated Lys20, indicating that a minimum peptide length of four amino acids containing acetylated Lys20 is required for the binding of mAb 52988 (Fig. 2b) or Lys15(Ac)Lys16, which contain acetylated Lys15; however, mAb 62335 also showed crossreactivity with both unmodified and dimethylated H2B peptides (Fig. 2c) . Intel arrays probed with the mAb 40886 (Abcam), which recognizes acetylated Lys5 of H2B, showed reactivity to acetylated Lys5, but we also found binding of the antibody at the acetylated lysines at positions 12, 15 and 20 (Fig. 2d) .
Titrations of the antibodies 52988 and 62335 showed a concentration-dependent decrease in signal on the array, and, compared to indirect ELISA, the array platform showed only slightly decreased sensitivity for antibody 52988 and when using dilutions of antibody 62335 that were at least 2,500× (Supplementary Fig. 5 ). We verified the specific epitopes for each antibody in preclearing experiments using unmodified and acetylated H2B peptides conjugated to sepharose beads (Supplementary Fig. 6a-e) .
To verify the site-specific methylation of the H2B peptides synthesized on the Intel arrays, we used a rabbit pAb (07-751, Millipore) that is targeted to dimethylated Lys11. We characterized its reactivity not only to a minimum peptide epitope containing dimethylated Lys11 (Lys11(Me2)) (Pro10Lys11(Me2)Lys12) but also to peptides containing dimethylated Lys5 and unmodified peptides (Fig. 3a) . To assess the nature of the polyclonal reactivity of this antibody, we performed a preclearing experiment using an H2B peptide dimethylated at Lys5.
We found loss of reactivity to peptides containing dimethylated Lys5 but not to peptides containing dimethylated Lys11 or unmodified lysine (Supplementary Fig. 6f ). This result indicates that within the polyclonal mixture of antibodies constituting the pAb 07-751, there are at least two clones recognizing distinct epitopes of H2B, and further highlights the power of the Intel arrays for deeply characterizing reactivity patterns of mixtures of polyclonal antibodies.
Enzymatic modification of Intel array peptides
Protein lysine methyl transferases (PKMTs) mediate the addition of methyl groups to lysine residues in the N-terminal tail of H2B 16 . Figure 4 Conventional spotted microarray showing increased reactivity to whole histones and post-translationally modified histone peptides in sera from individuals with IFN-high SLE. (a,b) Heatmaps showing the hierarchical clustering of peptide features identified using the SAM algorithm as being significantly more reactive (q value < 0.0001) in IFN-high sera. The SAM-identified whole-protein histone antigens (a) and peptides (b) were statistically more reactive with autoantibodies in the IFN-high sera. Unmodified H2B peptides, as well as H2B peptides with acetylated lysines at position 5, 12, 15 and 20, are among the array features identified by SAM to be significantly associated with disease state in IFN-high SLE (q value < 0.0001). Ac, acetylated; aa, amino acid; Me1, methylated; Me2, dimethylated; Me3, trimethylated; P, phosphorylated. Lysine and threonine are shown with their single-letter amino acid codes (K and T, respectively).
npg t e c h n i c a l r e p o r t s
To test whether site-specific methylation can be detected on the Intel arrays, we incubated the arrays with SETD7, a PKMT known to methlyate H2B 21 . Incubation with SETD7 resulted in the addition of a single methyl group to several lysine-containing peptides on the Intel Arrays, as detected by probing with a pan-methyl antibody after the PKMT reaction (Fig. 3b) . Incubation with GST and then with panmethyl antibody or with pan-methyl antibody alone did not result in the detection of peptide methylation (data not shown). The minimum epitopes required for methylation of the Intel array peptides by SETD7 were Pro10Lys11Lys12 and Gly13Ser14Lys15. Phosphorylation of H2B is involved in chromatin regulation and is associated with the induction of apoptosis, specifically the phosphorylation of Ser14 (ref. 22) . To determine whether specific kinase assays could be performed on the Intel arrays, we synthesized two different microarrays: one with a series of blocks containing sequentially growing peptides spanning a known phosphorylation target peptide (kemptide, LRRASL) of protein kinase A (PKA) (Supplementary Fig. 7a) and another with tiled peptides surrounding H2B Ser14 (Supplementary Fig. 7e ). Intel arrays incubated with PKA showed site-specific phosphorylation of serine residues in both configurations ( Supplementary Fig. 7b-e) . The most optimal orientation for H2B Ser14 phosphorylation seemed to be when Ser14 was flanked by two C-terminal lysine residues; peptides with one lysine C-terminal to Ser14 or in which Ser14 was the most C-terminal amino acid had less phosphorylation (Supplementary Fig. 7e,f) . This may indicate that there are conformational requirements for the phosphorylation of H2B by PKA.
Autoantibody profiling of SLE sera using Intel arrays We next assessed the ability of Intel arrays to detect H2B-reactive autoantibodies in human samples. SLE is a heterogeneous disease that is characterized by the development of IgG autoantibodies that are directed against DNA-and RNA-associated proteins of the cell nucleus 23 . Interferon-α (IFN-α) SLE, and the level of IFN-α-driven pathology can be assessed by determining the extent of IFN-α-dependent gene transcription, or the so-called 'interferon signature' , with a high interferon signature ('IFN-high') correlating with increased SLE disease severity 24, 25 . The presence of serum autoantibodies directed against a variety of nuclear antigens, including histone proteins, is coincident with an overabundance of serum IFN-α in SLE 26 . Furthermore, several reports have described autoantibody reactivity to histone epitopes that are modified post-translationally in mouse models of SLE and human SLE 18, 27, 28 . Using 30 sera from a cohort of patients with SLE participating in the Autoimmune Biomarkers Collaborative Network (ABCoN) study 29 and profiled for IFN-α-induced gene expression 25 , we analyzed IgG reactivity to nucleosomes, individual purified H1, H2A, H2B, a complex of H3 and H4 proteins and peptide fragments with several acetylation and methylation modifications using traditional spotted protein and peptide microarrays 2 . Using Significance Analysis of Microarrays (SAM) 30 , we observed that serum IgG autoantibodies from individuals with IFN-high SLE were significantly more reactive to whole-protein histone antigens (q value < 0.0001; Fig. 4a ), as well as to unmodified full-length H2B peptides and H2B peptides containing acetylated lysine at positions 5, 12, 15 and 20 (q value < 0.0001; Fig. 4b) .
We tested whether Intel arrays could replicate our findings that serum from individuals with IFN-high SLE is more reactive to unmodified H2B peptides and H2B peptides with modified functional groups than serum from individuals with IFN-low SLE, as well as whether high-resolution mapping could define immunogenic regions of H2B in IFN-α-driven SLE. The SAM algorithm identified several classes of peptides on the Intel arrays that were significantly more reactive to IgG from sera of individuals with IFN-high SLE (q value < 0.0001; Fig. 5a ). These included an unmodified region near the N terminus of the peptide with a minimum amino acid sequence of Pro1-Lys5 (Pro1Glu2Pro3Ala4Lys5), several peptides containing acetylated Lys12 and acetylated Lys15 and peptides containing dimethylated Lys11 (Fig. 5a,b) . Reactivity to peptides containing Pro1-Lys5, acetylated Lys12, acetylated Lys15 or dimethylated Lys11 was largely absent in sera from individuals with IFN-low SLE and healthy controls (Fig. 5b) . We performed an ELISA validation of the Intel array reactivity using full-length and truncated H2B peptides and confirmed that serum from individuals with IFN-high SLE was significantly more reactive to N-terminal H2B and to acetylated Lys12 and acetylated Lys15 of H2B (P < 0.05; Supplementary Fig. 8 ). These data suggest that N-terminal reactivity to the minimum sequence Pro1-Lys5, as well as reactivity to epitopes surrounding the indicated acetylated and dimethylated lysine residues, may be important for breaking tolerance to H2B and furthering autoantibody pathogenesis in IFN-α-driven SLE.
DISCUSSION
Intel arrays constitute a considerable advance in proteomic analysis as the first highly multiplex array platform with single-amino-acid resolution that has utility in a variety of proteomic studies, including epitope mapping and the characterization of diverse protein-protein interactions. We showed the utility of the Intel arrays in epitope mapping of commercial antibodies directed against H2B. The ability of the Intel arrays to resolve the reactivity of commercial antibodies to peptides as small as two amino acids speaks to the high degree of sensitivity and specificity of the platform and shows its potential for investigating basic immunological issues, such as the precise epitopes that are recognized by antibodies. A high-resolution epitope mapping platform has application far beyond the characterization of chromatin-binding antibodies. Within the last decade, there has been great advancement of new monoclonal antibodies and other protein engineering technologies that are geared toward the development of disease therapeutics 31 . As the field of antibody and protein engineering evolves, it will be necessary to develop rapid, multiplex, cost-effective testing platforms to determine precise target epitopes, obtain information about interaction kinetics and determine whether there is crossreactivity that may impede or enhance the activity of engineered molecules.
We showed the ability of the Intel arrays to detect the sequencespecific activity of the PKMT SETD7 and PKA. These proof-of-concept experiments demonstrate the power of Intel arrays for the discovery of new targets of these and other protein-modification enzymes. We have recently shown that a combination of methylation and phosphorylation regulates lymphocyte inflammatory responses through modifications of the NF-κB protein RelA by the PKMT SETD6 and protein kinase C, ζ (PKC-ζ) 32 . Peptide arrays have been instrumental in the discovery of these and other methylation targets of PKMTs 21 , suggesting that Intel arrays will be useful in this field. Kinases and PKMTs are the targets of specific inhibitors, many of which have entered clinical trials for the treatment of cancer and other diseases 33 . Given the ability of Intel arrays to resolve the specific activity of kinases and PKMT enzymes in parallel, we believe that this platform is well suited for inhibitor screening.
We also showed the utility of Intel arrays in defining epitopes within unmodified and post-translationally modified H2B that are associated with IFN-α-driven SLE. The identification of specific epitopes within this important antigen may help better define IFN-α-driven autoantibody pathogenesis in SLE. As inhibitors of IFN-α and its receptor, IFNAR, have entered phase 2 clinical trials in SLE, these arrays may be useful in determining relevant clinical outcomes. Our results corroborate reports showing that autoantibodies targeting post-translational modifications on histone proteins, notably acetylated and methylated epitopes, are associated with SLE pathogenesis 18, 27, 28 . They also underscore the idea that high-resolution mapping on the Intel array platform has great potential for identifying immunogenic regions that are relevant to the pathogenesis of SLE in a rapid and reliable way. Although peptide-based approaches have not been developed sufficiently to replace the gold-standard antibody detection tests performed in most clinics, several peptide platforms have been used in the routine diagnosis of autoimmune diseases, including celiac disease 34 and rheumatoid arthritis 35, 36 , and have been used to guide a phase 2 vaccine trial in multiple sclerosis 37 . Accordingly, the Intel array platform holds great promise in expanding the use of peptidebased diagnostic technology for the detection of relevant antibody reactivity in the clinical setting.
One potential limitation of peptide arrays is their reliance on linear peptide sequences, which precludes an assessment of conformational protein epitopes. This limitation in characterizing protein-protein interactions will diminish as technological advances improve the diversity of protein conformations 'in miniature' . Combining Intel array technology with emerging advances in the synthesis of peptide mimetics could directly address this limitation 38 .
Magnetic nanosensors are currently being developed to couple high-resolution Intel peptide arrays with underlying, in silico technology, facilitating real-time detection of the kinetics of antibodypeptide interactions. Furthermore, we anticipate the rapid integration of the Intel peptide array platform into existing magnetic nanosensor npg t e c h n i c a l r e p o r t s point-of-care technology 39 . The combination of these technologies will yield a revolutionary tool for personalized, point-of-care proteomics and allow for reactions on submicron array features to be detected in real time.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. All microarray data are deposited in the Gene Expression Omnibus with accession codes GSE34034 (for data in Figs. 2 and 3) and GSE34070 (for data in Figs. 4 and 5) .
